The ability of cholinergic agonists to activate phospholipase C in bovine adrenal chromaffin cells was examined by assaying the production of inositol phosphates in cells prelabeled with [3H]inositol. We found that both nicotinic and muscarinic agonists increased the accumulation of [3H]inositol phosphates (mainly inositol monophosphate) and that the effects mediated by the two types of receptors were independent of each other. The production of inositol phosphates by nicotinic stimulation required extracellular Ca2+ and was maximal at 0.2 mMCa2+. Increasing extracellular Ca2+ from 0.22 to 2.2 mM increased the sensitivity of inositol phosphates formation to stimulation by submaximal concentrations of 1,l -dimethyl-Cphenylpiperazinium iodide (DMPP) but did not enhance the response to muscarine. Elevated K+ also stimulated Ca2+-dependent [3H]inositol phosphate production, presumably by a non-receptor-mediated mechanism. The Ca2+ channel antagonists D600 and nifedipine inhibited the effects of DMPP and elevated K+ to a greater extent than that of muscarine. Ca" (0.3-10 rM) directly stimulated the release of inositol phosphates from digitonin-permeabilized cells that had been prelabeled with [3H]inositol. Thus, cholinergic stimulation of bovine adrenal chromaffin cells results in the activation of phospholipase C by distinct muscarinic and nicotinic mechanisms. Nicotinic receptor stimulation and elevated K+ probably increased the accumulation of inositol phosphates through Ca2+ influx and a rise in cytosolic Ca2+. Because Ba2' caused catecholamine secretion but did not enhance the formation of inositol phosphates, phospholipase C activation is not required for exocytosis. However, diglyceride and myo-inositol 1,4,5-trisphosphate produced during cholinergic stimulation of chromaffin cells may modulate secretion and other cellular processes by activating protein kinase C and/or releasing Ca2+ from intracellular stores. Key Words: Chromaffin cells-Nicotinic agonist-Muscarinic agonistPhospholipase C-Inositol phosphates-Catecholamine secretion. Eberhard D. A. and Holz R. W. Cholinergic stimulation of inositol phosphate formation in bovine adrenal chromaffin cells: Distinct nicotinic and muscarinic mechanisms. J. Neurochern. 49, 1634-1643 (1987).
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Exocytosis of catecholamine from bovine adrenal medulla is normally triggered by nicotinic receptorinduced influx of extracellular Ca2+ and a rise in cytosolic Ca2+ (Douglas, 1975;  Holz et al., 1982;  Kilpatrick et al., 1982; Knight and Kesteven, 1983;  Kao and Schneider, 1986) . Depolarization by elevated K+ also induces Ca2+ influx, and a rise in cytosolic Ca2+ and catecholamine secretion. In many secretory systems exocytosis is associated with a receptor-mediated increase of phospholipase C activity that results in increased turnover of phosphatidylinositol (PI) and phosphatidate (see Nishizuka, 1984 for review). In bovine chromaffin cells acetylcholine increases the turnover of PI and phosphatidate (Trifaro, 1969) . This effect was found to be mediated mainly through muscarinic receptor activation (Fisher et al., 198 1 ; Adnan and Hawthorne, 198 1) which does not stimulate secretion (Wilson and Kirshner, 1977) . However, nicotinic stimulation caused small and sporadic increases in PI and phosphatidate turnover which were not characterized (Fisher et al., 1981) .
More recently it was discovered that two products of the phospholipase C reaction, diglyceride and myo-inositol 1,4,5-trisphosphate (IPS), can affect se-I635 cretion in different ways. Diglyceride activates the CaZ+, phospholipid-dependent enzyme protein kinase C (Nishizuka, 1984) which stimulates exocytosis in secretory cells including adrenal chromaffin cells (Knight and Baker, 1983; Pocotte et al., 1985) . IP3 causes the release of Ca2+ from intracellular stores in many cells (Berridge and Irvine, 1984) including chromaffin cells (Stoehr et al., 1986) . By measuring the production of inositol phosphates, which are the immediate products of phospholipase C activity (Agranoff et al., 1983; Bemdge et al., 1983; Putney et al., 1983) , we have reinvestigated the possible activation of phospholipase C by various secretagogues.
Studies were performed with both intact chromaffin cells and digitonin-permeabilized chromaffin cells. We found that nicotinic stimulation and elevated K' as well as muscarinic stimulation cause accumulation of inositol phosphates in intact cells, and that micromolar concentrations of Ca2+ directly stimulate the release of inositol phosphates from permeabilized cells.
MATERIALS AND METHODS
Chromaffin cells were isolated by dissociation of bovine adrenal medullae, purified by differential plating (Waymire et al., 1983) , and cultured as monolayers in 6.4 mm diameter collagen coated wells, 150,000 cells/well as previously described by Holz et al. (1982) . The cultures were at least 90% chromaffin cells (Waymire et al., 1983) , and contained virtually no visually detectable fibroblasts or endothelial cells.
Experiments were performed 4-14 days after culture preparation. Inositol lipids were labeled with [3H]inositol by replacing the culture medium with rnyo-[3H]inositol (0.6-1.2 p M , 15 Ci/mmol) in physiological salt solution (PSS) containing 145 mM NaCI, 5.6 mM KCl, 2.2 mM CaClz, 0.5 mMMgCI2, 5.6 d I g l u c o s e , 0.5 mMascorbic acid, and 15 mM N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES), pH 7.4. For longer labeling periods (12-48 h) cells were incubated with my~-[~H]inositol in Dulbecco's minimal essential medium (MEM), free of unlabeled inositol and supplemented with 15 mM HEPES, at 34°C in 5% COz atmosphere.
Experiments were performed at 25°C. The cells were washed for 5-10 rnin with PSS containing 10 mM LiCl to inhibit inositol phosphate phosphatase (Berridge et al., 1982) . The solution was replaced with PSS (100 pl) containing 10 mM LEI, with or without drugs. Incubations were terminated by addition of 10% tricholoroacetic acid (TCA) (100 p1). After 1-2 h on ice, the contents of the wells were transferred to conical 1.5-ml polypropylene tubes containing 100 pl ice-cold 10% TCA. The wells were washed with 100 pl, 1 mg/ml bovine serum albumin (as carrier protein) which was added to the incubation solutions to bring the final TCA concentration to 5%. The tubes were centrifuged 5 rnin in an Eppendorf microfuge at 4°C. Supernatants were transferred to 10 X 75 mm test tubes on ice, extracted three times with 1.5-2.0 ml diethyl ether, and neutralized with 0.01 M NaOH (final pH 6.5-8.0). The samples were stored refrigerated overnight before measuring the inositol phosphates.
Experiments using permeabilized cells were performed by incubating [3H]inositol-prelabeled cells with a solution (KGEP) containing 139 mM potassium glutamate, 20 mM 1,4-piperazinediethanesulfonic acid (PIPES, pH 6.6), 2 m M MgATP, 20 pM digitonin, 5 mM EGTA, and various amounts of Ca2+ to achieve free Caz+ concentrations calculated according to Portzehl et al. (1 964) . The incubations were terminated by adding TCA and samples were processed as described above.
[3H]Inositol phosphates were separated by anion-exchange chromatography according to Berridge et al. (1982 Berridge et al. ( , 1983 . Samples were applied to freshly poured columns of Dowex AGl-X8 (formate form), 0.2 ml bed volume. Free inositol was eluted with 8 X 0.5 ml washes of H 2 0 and usually discarded.
[3H]Inositol phosphates were sequentially eluted by eight additions of 0.3 ml of each of the following solutions: 5 mM Na borate/60 mM Na formate (glycerophosphoinositol), 0. 
RESULTS

Cholinergic pharmacology of [3H]inositol phosphates production
Incubation of [3H]inositol-prelabeled chromaffin cells with muscarine or 1,1 -dimethyl-4-phenylpiperazinium iodide (DMPP) in the presence of 10 mM LiCl enhanced the accumulation of [3H]inositol phosphates ( Fig. 1) . The response to these drugs was concentration dependent and maximal at 0.3 mM muscarine and 1 -10 pM DMPP ( Fig. 1 A) . The effects of DMPP (10 p M ) and muscarine (1 .O mM) were additive at concentrations that for each alone caused maximal effects (Fig. 1B) . The presence of atropine (2 p M ) together with DMPP and muscarine reduced inositol phosphate accumulation to that produced by DMPP alone. In similar experiments, the accumulation of inositol phosphates produced by the mixed nicotinic-muscarinic agonist carbachol was approximately the sum of the effects produced by DMPP and muscarine (data not shown). The effect of carbachol was only partially blocked by either 1 pM atropine (60% inhibition) or 1 pM mecamylamine (44% inhibition).
The ability of muscarine to stimulate the formation of inositol phosphates was anticipated because of previous studies that demonstrated muscarinic stim- < 120.
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ulation of phosphatidylinositol and phosphatidate metabolism (Fisher et al., 1981; Adnan and Hawthorne, 198 1) . However, a response to a selective nicotinic agonist was not predicted. The pharmacology of the DMPP-induced inositol phosphates production was investigated with selective cholinergic antagonists (Fig. 2) . The response to DMPP was completely blocked by the specific nicotinic antagonist mecamylamine (1 pM), but was unaffected by atropine at a concentration that selectively blocks muscarinic receptors ( 1 pM). Thus, nicotinic as well as muscarinic receptor stimulation increased the production of inositol phosphates. Nicotinic stimulation of bov'ne chromaffin cells results in the secretion of a number of substances including epinephrine, norepinephrine, ATP, enkephalins, and proteins. To investigate whether a secreted substance was responsible for the stimulated production of inositol phosphates by DMPP, chromaffin cells were incubated with DMPP for 15 min by which time catecholamine secretion was nearly complete (Fig. 3A) . Additional medium containing 10 pM DMPP and/or 3 pA4 mecamylamine was then added and the incubations continued for 30 min. Mecamylamine added at 15 min completely blocked the subsequent accumulation of inositol phosphates (Fig. 3B) , indicating that DMPP itself, rather than a substance coreleased with [3H]norepinephrine prior to the addition of mecamylamine, was responsible for the effect. Further evidence that secreted substances did not increase the accumulation of inositol phosphates was provided by two other experiments. In one experiment, chromaffin cells were incubated with DMPP for 20 min. The medium was then transferred to wells containing cells that had been prelabeled with [3H]inositol and the cells were incubated for 30 min. Mecamylamine (1 p M ) was added to block the direct effects of DMPP in the medium.
[3H]Inositol phosphates production was not stimulated under these conditions (data not shown). In another experiment, chromaffin cells were incubated with or without DMPP in various volumes of medium. Increasing the volume of the medium should dilute a hypothetical stimulator of phospholipase C which is released during secretion and thereby decrease the accumulation of inositol phosphates. The DMPP-stimulated formation of inositol phosphates was not affected by variations in the volume of incubation medium over the entire range examined, 40-300 p1 (data not shown).
-
Time courses of accumulation of [3H]inositol phosphates
The time courses of the accumulation of inositol phosphates in response to DMPP and muscarine were investigated (Fig. 4) . IP, IP2, and IP3 were all increased by both nicotinic and muscarinic stimulation in the presence of 10 mM LiC1. DMPP induced a rapid elevation of IP3 and IP2 within the first 2 min. The accumulation of IP3 and IP2 in the presence of muscarine occurred more slowly initially but was more sustained, surpassing the nicotinic effect after 5 min. The elevations in IP3 and IP2 produced by both DMPP and muscarine persisted through 30 min. IP accumulation in response to DMPP and muscarhe was not evident until 5 min and continued through Ability of elevated K+ and Ba2+ to stimulate the accumulation of inositol phosphates The effects of noncholinergic stimulators of exocytosis on inositol phosphate accumulation in chromaffin cells were investigated (Table 1) . Depolarization induced by elevated K+, which stimulates Ca2+ influx, increased the production of inositol phosphates similarly to DMPP. The effect of elevated K+ was completely inhibited in Ca2+-free medium containing 1 mM EGTA under conditions identical to those described in the footnote to Table 2 (data not shown). Thus, stimulation of chromaffin cells through a mechanism not involving specific cell surface receptors induced the accumulation of inositol phosphates.
Ba2+, a potent stimulator of catecholamine secretion, did not cause a detectable increase of inositol phosphates ( Table 1) . BaZ+ 2.2 W i n the absence of Ca2+ completely inhibited the muscarinic stimulation of inositol phosphates accumulation (data not shown). Thus, Ba2+ not only fails to activate phospholipase C directly but also interferes with the capacity of another stimulus to activate phospholipase C. Muscarine-or DMPP-induced accumulation of inositol phosphates were compared in the presence or absence of Ca2+. Chromaffin cells were rapidly washed with medium containing 2.2 mM Ca", 0 Ca", or 0 Caz+ (+ 1 m M EGTA). The wash was immediately replaced with fresh medium containing the same concentration of Ca2'/EGTA and no drug, 0.3 mM muscarine, or 10 FM DMPP. Total ['H]inositol phosphates were determined after either 6 min (three experiments) or 30 min (three experiments). Similar results were obtained at both time points. The data in the table are expressed as the average inhibition caused by the absence of Ca2+ in six experiments ? the standard error of the mean among the experiments. In each experiment, there were three or four samples/ group. In every experiment, removal of Ca2+ caused a greater inhibition of the DMPP-induced accumulation of inositol phosphates than of the muscarinic effect.
CaZ+ dependencies of DMPP-and muscarineinduced accumulation of inositol phosphates
The effect of removal of extracellular Ca2+ on the accumulation of total inositol phosphates in the presence of DMPP or muscarine was investigated ( Table  2 ). The amounts of inositol phosphates produced by both agonists were decreased when the Ca2+ in the medium was reduced from 2.2 mM to 0 Ca2+ in the absence of EGTA and inhibited further by the inclusion of EGTA. The removal of Ca" inhibited the effect of DMPP to a greater extent than that of muscarine. When 1 mM EGTA was included in the incubation medium, the amount of intracellular inositol phosphates in the presence of DMPP was reduced to below the level in the absence of drug (inhibition >loo%, Table 1 ; six out of six experiments). Inclusion of EGTA in Ca2+-free medium only in a rapid wash immediately before the addition of drug in (cpm) secretion Ca2+-free medium-without EGTA was still sufficTent to abolish the effect of DMPP and to reduce the ef-
The effect of varying the concentration of extracellular Ca2+ on the responses to DMPP and muscarine was examined. The effects of both 10 p M DMPP and 0.3 mM muscarine were submaximal at 0. Cells prelabeled for 19 h in ['H]inositol or for 3 h in ['Hlnorepinephrine were incubated for 6 min in P s s with 10 mMLiC1. Cells were subsequently incubated in the continuing presence of 10 mM LiCl with various secretagogues for 30 min and the accumulation of ('H]inositol phosphates or the secretion of [3H]norepinephrine was measured. Ca2+ was omitted from medium containing €la' +. Osmolality was maintained in the presence Of 56 mkf KC1 by reducing the NaCl concentration from 145 mM to 95 mM. There were four wells/group. and maximal at 0.2 m M Ca2+ (data not shown). H~~~~~~, ,-hanging the ca2+ concentration affected the dose-response different ways (Fig. 5) . Increasing extracellular Ca2+ from 0.22 mM to 2.2 mM enhanced the accumulation of inositol phosphates induced by submaximal concentrations of DMPP (0.6-1.5 pM, Fig. 5A ). In contrast, raising extracellular Ca'+ did not enhance the response to muscarine (Fig. SB) . The basal accuOf DMPP and muscarine p < 0.0 1 versus no addition. mulation of inositol phosphates was somewhat reduced by increasing extracellular Ca2+.
Effects of Ca2+ channel antagonists on the stimulated production of inositol phosphates D600 (methoxyverapamil) blocks Ca2+ influx and catecholamine secretion induced by nicotinic stimulation or depolarization (Pinto and Trifaro, 1976; Corcoran and Kirshner, 1983) . Dihydropyridines also inhibit catecholamine secretion induced by nicotinic agonists as well as depolarization (Cena et al., 1983; Boarder et al., 1987) . The effects of D600 and nifedipine were examined to determine whether the stimulated production of inositol phosphates by muscarine, DMPP, and elevated K+ requires Ca2+ entry into the cells (Fig. 6) . The effects of both DMPP and elevated K+ were inhibited over 50% by 3 pM D600 and virtually abolished by 30 pM D600 (Fig.  6A) . In contrast, the muscarine-stimulated accumulation of [3H]inositol phosphates was not inhibited by 3 pM D600 and inhibited only 35% by 30 pM D600. Nifedipine at 1 pMinhibited the effects of DMPP and elevated Kf by nearly 50% but did not inhibit the muscarinic response (Fig. 6B) .
Effects of micromolar CaZ+ on the production of inositol phosphates in digitonin-permeabilized chromaffin cells
Digitonin-treated chromaffin cells are permeable to Ca2+, ATP, and proteins (Dunn and Holz, 1983; Wilson and Kirshner, 1983) . In cells permeabilized with digitonin, secretory granule function is normal A . 
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and micromolar Ca2+ in the presence of MgATP directly stimulates exocytosis of catecholamine (Dunn and Holz, 1983; Wilson and Kirshner, 1983; Holz and Senter, 1985) . To investigate the direct effects of micromolar Ca2+ on the intracellular mechanisms responsible for production of inositol phosphates, cells prelabeled with [3H]inositol were permeabilized with digitonin in the presence of MgATP and various concentrations of Ca2+ (Fig. 7) . The production of inositol phosphates was found to be dependent on the concentration of Ca2+ in the submicromolar to micromolar range.
DISCUSSION
Nicotinic as well as muscarinic receptor activation stimulates the accumulation of inositol phosphates In a previous study we found that muscarinic stimulation increased [3H]glycerol and [32P]phosphate incorporation into phosphatidylinositol and phosphatidate (Fisher et al., 198 1) . Muscarinic stimulation of [ 32P]phosphate incorporation into phosphatidylinosito1 and phosphatidate in chromaffin cells was also observed by Adnan and Hawthorne ( 198 1). Nicotinic stimulation caused smaller and less reproducible effects than muscarinic stimulation (Fisher et al., 198 1) . The discovery that the initial reaction leading to the phospholipid changes was the phosphodiesteratic cleavage of polyphosphoinositides by phospholipase C, which produces IP3 and IP2 Agranoff et al., 19831 , prompted us to reexamine the effects of cholinergic stimulation by investigating the production of inositol phosphates. The specific nicotinic agonist DMPP and the specific muscarinic agonist muscarine each stimulated the formation of inositol phosphates. IP was the predominant species accumulated in response to both agonists. The production of inositol phosphates stimulated by DMPP was blocked by the nicotinic antagonist mecamylamine but not by the muscarinic antagonist atropine. The effects of each agonist were saturable, and together were additive at concentrations that were maximal for the effects of either agonist alone. Thus, nicotinic and muscarinic receptors independently activate phospholipase C and the production of inositol phosphates. Activation of phospholipase C by nicotinic stimulation is not unique to the adrenal medulla. Preganglionic stimulation of the rat superior cervical ganglion produces an increase in [32P]phosphatidylinositol labeling that can be blocked with tubocurarine, an antagonist of the postsynaptic nicotinic receptor (Larrabee and Leicht, 1965) . The formation of inositol phosphates in the ganglion is also increased by both muscannic and nicotinic stimulation (Brigs et al., 1985) .
Mechanism of phospholipase C activation by muscarinic and nicotinic receptor activation Recent evidence indicates that receptor-induced activation of phospholipase C may be mediated by a GTP-binding protein (Litosch et al., 1985) . The muscarinic receptor probably acts through this mechanism (Evans et al., 1985) . In contrast, there is no evidence for a direct coupling of the nicotinic receptor to phospholipase C. Nicotinic stirnulation in chromaffin cells results in Ca2+ influx (Douglas, 1975; Holz et al., 1982; Kilpatrick et al., 1982) and a rise in cytosolic Ca" (Knight and Kesteven, 1983; Kao and Schneider, 1986) . A rise in cytosolic Ca2+ has been implicated in activating phospholipase C in iris smooth muscle (Akhtar and Abdel-Latif, 1978) . The following observations suggest that Ca2+ influx induced by nicotinic stimulation activates phospholipase C in chromaffin cells, whereas the muscarinic receptor acts through a different mechanism: (1) The accumulation of inositol phosphates in response to nicotinic stimulation was strongly inhibited by removal of extracellular Ca2+ and completely inhibited in Ca'+-free medium containing EGTA. The muscarinic effect was less sensitive to inhibition by removal of Ca2+. (2) Increasing the availability of extracellular Ca2+ increased the sensitivity of inositol phosphates production to stimulation by DMPP but not by muscarine. (3) Elevated K+, which causes membrane depolarization and Ca2+ influx without receptor activation, also increased the formation of inositol phosphates. (4) Drugs that block Ca2+ influx inhibited the increased accumulation of inositol phosphates in response to DMPP and elevated K+, but caused little or no inhibition of the response to muscarine. (5) Submicromolar and micromolar Ca2+ directly stimulated the release of inositol phosphates from digitonin-permeabilized chromaffin cells.
Relationship between the production of inositol phosphates and catecholamine secretion
The ability of both nicotinic and muscarinic receptor stimulation to activate phospholipase C is consistent with the involvement of diglyceride and inositol phosphates in secretion induced by the physiological agonist acetylcholine. However, because Ba2+, which is an effective secretagogue, does not cause the accumulation of inositol phosphates and because muscarinic stimulation does not cause secretion from bovine adrenal cells, the phosphodiesteratic cleavage of polyphosphoinositides is neither sufficient nor necessary for exocytosis. Instead, the products of phospholipase C may modulate exocytosis and other cellular processes as described below.
Diglyceride and the activation of protein kinase C Activation of protein kinase C by exogenous diglyceride or phorbol esters enhances Ca'+-dependent secretion in intact and permeabilized chromaffin cells (Knight and Baker, 1983; Pocotte et al., 1985; Brocklehurst et al., 1985; Lee and Holz, 1986; TerBush and Holz, 1986) . Diglyceride produced by phospholipase C during cholinergic stimulation may modulate the secretory response to Ca2+ through the activation of protein kinase C. Indeed, nicotinic stimulation or exogenous diglyceride causes a significant translocation of protein kinase C from a soluble to a membranebound form in intact cells (TerBush and Holz, 1986) . Because translocation of protein kinase C is required for activation of the enzyme (Kikkawa et al., 1982 (Kikkawa et al., , 1983 , the data suggest that nicotinic stimulation activates protein kinase C which would enhance Ca2+-dependent secretion.
Muscarinic stimulation induces little or no protein kinase C translocation compared to nicotinic stimulation (TerBush and Holz, 1986; TerBush and Holz, manuscript in preparation) in spite of a similar degree of activation of phospholipase C. The translocation and activation of protein kinase C may require higher cytosolic Ca2+ concentrations than those attained with muscarinic receptor activation Schneider, 1985, 1986 ). Alternatively, it is possible that only nicotinic stimulation results in significant diglyceride accumulation. Indeed, the inability to detect reproducible nicotinic receptor-induced increases in phospholipid turnover (Fisher et al., 1981; Adnan and Hawthorne, 1981) suggests that diglyceride reenters the phosphatidylinositol cycle at a slower rate during nicotinic stimulation than during muscarink stimulation. Thus, diglyceride accumulation would be greater during nicotinic stimulation.
IP3 and cytosolic Ca2+
IP3 releases Ca'+ from intracellular stores in a number of cell types including bovine adrenal chromaffin cells (Stoehr et al., 1986) . Recently it was demonstrated that muscarinic receptors on bovine chromaffin cells mediate a rise in cytosolic Ca2+ that is independent of extracellular Ca2+ (Kao and Schneider, 1985) . Intracellular Ca2+ rose from approximately 0.10 pM to 0.15 pM, which is insufficient to stimulate catecholamine secretion. It is likely that the production of IP3 by muscarinic stimulation demonstrated in the present experiments causes the rise in cytosolic Ca2+.
Nicotinic stimulation causes a much larger rise in cytosolic Ca2+ than muscarinic stimulation (Knight and Kesteven, 1983; Kao and Schneider, 1986) . The rise in cytosolic Ca2+ from 0.1 p~ to 1-10 p~ requires extracellular Ca2+ and can be accounted for by Ca2+ influx across the plasma membrane (Holz et al., 1982; Kilpatrick et al., 1982; Kao and Schneider, 1986) . Thus, the production of [3H]IP3 caused by nicotinic stimulation, which is similar in amount to that caused by muscarinic stimulation, probably contributes minimally to the rise in cytosolic Ca" during nicotinic stimulation of catecholamine secretion.
Phospholipase C and tyrosine hydroxylase phosphorylation and activation Tyrosine hydroxylase, the rate-limiting enzyme in catecholamine biosynthesis, is phosphorylated and activated on nicotinic stimulation of chromaffin cells (Haycock et al., 1982; McTigue et al., 1985; . Both protein kinase C (Albert et al., 1984; ) and Ca2+/calmodulin-dependent kinase' (Yamauchi et al., 198 1; Vulliet et al., 1984) phosphorylate tyrosine hydroxylase. The finding that nicotinic stimulation activates phospholipase C raises the possibility that nicotinic effects on tyrosine hydroxylase result, in part, from activation of protein kinase C.
Relationship to previous studies concerning phosphatidylinositol metabolism in chromaffin cells After this article was completed it was reported that carbachol, a mixed muscarinic-nicotinic agonist, caused accumulation of inositol phosphates in chromaffin cells (Forsberg et al., 1986) . The accumulation was interpreted to result solely from muscarinic stimulation because of the ability of the muscarinic antagonist atropine to inhibit completely carbachol-induced inositol phosphate production whereas the nicotinic antagonist hexamethonium was relatively ineffective. However, at the concentrations of antagonists used (10 pM each), atropine inhibits nicotinic receptor-induced catecholamine secretion whereas hexamethonium has little effect (Holz, unpublished observations) . Because atropine and hexamethonium were not used at concentrations that specifically block muscarink and nicotinic receptors, the data from the study are consistent with both nicotinic and muscarinic receptor stimulation causing the production of inositol phosphates.
' Activation of tyrosine hydroxylase activity by phosphorylation caused by a Ca*+/calmodulin-dependent protein kinase also requires an activating protein found in rat brain and rat adrenal gland (Yamauchi et al., 198 1) .
